Background: Despite substantial heritability in pubertal development, children differ in maturational tempo. Hypotheses: (i) puberty and its duration are influenced by early changes in height and adiposity. (ii) Adiposity rebound (AR) is a marker for pubertal tempo. Methods: We utilized published prospective data from 659 girls and 706 boys of the Study of Early Child Care and Youth Development. We investigated the age of pubarche-thelarchegonadarche -menarche as a function of early height, BMI, and AR. results: In girls, height standard deviation scores correlated negatively with thelarche and pubarche from 15 mo of age and with menarche from 54 mo. BMI correlated negatively with thelarche from 36 mo of age and menarche from 54 mo. In boys, age at gonadarche correlated negatively with height from 36 mo of age. An AR was detected in 47% of girls and 55% of boys, who became heavier and had earlier and faster puberty than those with no AR. conclusion: The onset and tempo of puberty are influenced by a two-hit program. The first is exerted during the infancy-childhood transition (ICT; 6-12 mo) and includes height, as an early predictor of maturational tempo. The second hit occurs at the childhood-juvenility transition (5-7 y) and is based on adiposity and its rebound.
t he physiological variation in the age at the onset of puberty can be 4-5 y in normal children whose life conditions are comparable and greater in children whose life conditions vary (1) . Despite substantial heritability in pubertal development (2) , children differ in their maturational tempos (3) , and this difference generates plasticity in their phenotypic trajectories so that they can adapt to their specific environment (4, 5) . The influence of socioeconomic status, diet, exercise, prepubertal fat and body weight, chronic illness, and stress on the age of the onset of puberty is well documented (1) . The influence of nutritional cues on the age at the onset of puberty are distinctly temporal: they tend to cause (i) early maturity in children whose average body mass in early life is either lower or higher than average and (ii) late maturity in children whose weight gain during childhood is low (1) . As a result, the pattern of growth in these late maturing children is U-shaped (6, 7) . During the transition from childhood to juvenility, which usually occurs when children are aged about 6 y, the BMI rebounds immediately after it reaches its nadir-the so-called adiposity rebound (AR) (8, 9) . A young age and a high BMI at the age of rebound predicts a high BMI in early adulthood, and it has been suggested that the occurrence of a high BMI at 3 y of age leads to a rebound at a younger age (10) .
Since height and BMI at certain critical ages can predict the timing and duration of puberty, the working hypotheses of this investigation are (i) the onset of puberty, menarche, and pubertal progression and duration are influenced by early changes in height and adiposity and (ii) the age of occurrence of AR is an important marker of maturational tempo. Hence, the purpose of this investigation was to examine the height and BMI at different ages as they may predict pubertal timing and duration. To this end, we examined pubertal variability by assessing the effects of height, BMI, and AR at specific ages on the timing and duration of puberty. For this purpose, we utilized the anthropological measurements and pubertal staging data from American children of families that were recruited at 1 y of age in 1991 and followed up prospectively until 15.5 y of age for the National Institutes of Health (NICHD) Study of Early Child Care and Youth Development (SECCYD) (11) .
RESULTS
Pubertal development in boys and girls were assessed by clinical investigators of the SECCYD study and compared with the progress in the subjects' BMI. In girls, thelarche occurred at 9.8 ± 0.7 y, pubarche occurred at 10.3 ± 0.7 y, and menarche occurred at 12.3 ± 1.2 y ( Table 1) . In boys, gonadarche occurred at 10.3 ± 0.5 y and pubarche occurred at 11.4 ± 0.7 y. Figure 1 displays the relationships between thelarche, menarche, and pubarche age, and the length/height standard deviation scores (SDS) in the girls also shows the strengths of these correlations as a function of age to pubertal onset. The length/ height SDS correlated negatively and significantly with thelarche age from 15 mo of age (P < 0.0001; Figure 1a ), menarche age from 54 mo of age (P = 0.014; Figure 1c) , and pubarche age from 15 mo of age (P = 0.004; Figure 1e) . In all instances, the correlation strength increased with age. Figure 2 displays the relationships between thelarche, menarche, and pubarche age and BMI in the girls. BMI correlated negatively and significantly with thelarche from 36 mo of age (P <0.0001; Figure 2a) , menarche from 54 mo of age (P = 0.016; Figure 2c ), and pubarche from age 84 mo (P = 0.002; Figure 2e ). In all instances, the correlation strength increased with age. Pubertal progression or duration did not correlate with length/height or BMI at any age.
Girls
An AR (Figure 3 ) was detected in 47% of girls (group 2; BMI SDS: 0.9 ± 0.9 at 7 y of age), and no AR was detected in the remaining 53% (group 1); their 7 y of age BMI SDS was 0.0 ± 0.8, which is smaller than that of group 2 (P < 0.001). In group 2 girls, thelarche and menarche occurred significantly earlier than its occurrence in group 1 girls (P = 0.030 and P = 0.017, respectively; Figure 4) . No significant difference was demonstrated between the groups in pubertal progression (from B2 to menarche) 2.6 ± 0.1 vs. 2.5 ± 0.1 y and in the height at 15 y of age (164.3 ± 5.5 vs. 164.1 ± 6.5 cm).
Boys
In boys, the age at gonadarche correlated negatively and significantly with height from 36 mo of age (P < 0.001; Figure 5 ). The correlation strength did not changed with age and was smaller than that of the equivalent correlation strength in the girls. The age at pubarche correlated negatively and significantly with height from 24 mo of age (P = 0.007). The correlation strength did not change with age. The age at gonadarche and pubarche was not correlated with the BMI at any age. 
Boys (n = 706) Mean ± sd
Gonadarche age (years) 10.3 ± 0.6
Pubarche age (years) 11.4 ± 0.7
Genital full maturity age (years) 14.6 ± 0.6
Pubic hair full maturity age (years) 14.8 ± 0.6 Figure 1 . The relationships between thelarche, menarche, and pubarche age and the length/height standard deviation scores (SDS) in girls. (a) Thelarche age as a function of girls' length at the age of 15 mo (r = −0.2; P = 0.0001), (c) menarche age as a function of girls' height at the age of 54 mo (r = −0.16; P = 0.014), (e) pubarche age as a function of girls' length at the age of 15 mo (r = −0.14; P = 0.004). (b, d, f) Correlation coefficients as a function of age for thelarche, menarche, and pubarche. The bold dots indicate the age at which the correlations became significant (P < 0.05). Programming for puberty
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An AR was found in 55% of the group 2 boys. These boys were heavier (BMI SDS: 1.1 ± 0.9) at 7 y of age than the remaining 45% who had no AR (group 1; BMI SDS: 0.1 ± 0.7; P < 0.001). Pubarche (P = 0.020), but not gonadarche, occurred significantly earlier in the group 2 boys than its occurrence in group 1 boys, and puberty progression was faster (P < 0.001).
DISCUSSION
Children differ in the tempo at which they develop and mature to final height, body composition, and adult sexual and emotional maturity (3). Whereas height, BMI, and body composition are readily measureable, maturational tempo is mostly comprehended by assessing skeletal maturity, recording the age of occurrence of the pubertal stages, and a complex analysis of height SDS records (3, 12) .
The role of adiposity in progression of the pubertal process has been previously reported as reviewed (1). Biro et al. (13) reported the onset of thelarche to be associated with race/ethnicity and BMI. In their study, girls with greater BMI reached breast stage 2 at younger ages. They also reported that girls who entered puberty through the thelarche pathway, as compared with the adrenarche pathway, had greater sum of skin fold thicknesses, BMI, and percent body fat 1 y before the onset, as well as throughout, puberty (14) . No associations between age at pubertal onset and simultaneous body composition were found (15) . However, and from the same source, the heavier both boys and girls were at 7 y of age, the earlier they entered puberty (16) . Here, we present even earlier and sexually dimorphic predictive values for puberty age of height, BMI, and the AR.
Our results indicate that length is the first predictor of pace pubertal process, the onset and duration of puberty (both thelarche and pubarche). The length becomes predictive as early as of 15 mo of age in girls and 36 mo of age in boys and the correlation between length/height and progression of puberty in girls is stronger than that in boys. In contrast, in girls the BMI becomes predictive of pubertal onset almost 2 y later, at 36 mo of age, whereas the BMI shows no correlation with boys' onset of puberty.
Why do boys differ from girls in the control of their pace of the pubertal process? Whereas reproductive fitness applies mostly to females, sexual selection is challenging for most males. It is the female who needs to exploit any selection advantage in order to extend her fecund period through early maturation, which requires a secure energy supply and has currently reached historically unrecorded levels in industrial societies (4) . She therefore programs for puberty by both length and BMI as early as 15 mo of age, while he will start program by 36 mo of age and respond to height only-not to BMI. A late puberty, which would indicate later reproductive life (17) , allows for a longer period of adolescent weight gain, as evident in underprivileged girls in developing countries (1) . As much as the secular trend in human size is an adaptive response to a nutritionally rich environment, the receding age of pubertal development is an adaptive response to a positive energy balance. The current findings suggest that an individual's reproductive strategy is programmed during the ICT, which occurs around 1 y of age. This finding is consistent with the life-history transitions theory (18) , the ICT programming for adult height (19) , and the theories of reproductive strategy (20) . Comparison between the groups with adiposity rebound (AR) and no AR in the age at thelarche, pubarche, menarche (in girls) and gonadarche, pubarche, and puberty progression (in boys). (a) Age at thelarche (white), pubarche (black), and menarche (gray) for girls (left) divided into group 1 without adiposity rebound and group 2 with adiposity rebound. (b) Age at gonadarche (white), pubarche (black), and puberty progression (gray) in boys (right) without AR (group 1) or with AR (group 2). Mean ± SD. Girls: *P = 0.030, **P = 0.017. Boys: *P = 0.019, **P < 0.001. AR, adiposity rebound. Articles Around 6 y of age, the BMI rebounds from a nadir (8, 9) , and this rebound has been widely used as an index of childhood obesity and to predict adult obesity (10) . Little is known about the provokers of the AR. In this investigation, we show for the first time that an AR only occurs in 47% of girls and 55% of boys in this American cohort and that these children become heavier at adolescence (9) . The deflection from a decreasing to an increasing BMI parallels adrenarche and the decelerating growth during the transition from childhood to juvenility (21) . We also found that early thelarche and menarche in children with an adipose rebound and the ages at which thelarche and menarche occurred correlated positively with the age of occurrence of the rebound. These findings are in agreement with the concepts of early growth, menarche, and AR that were proposed by Williams and Dickson in 2002: the timing of rebound is an indicator of physical maturity rather than obesity (22) . Our finding of the existence of a temporal relationship between height at the ICT and the AR suggests that rebound might be programmed, at least in part, during ICT, in agreement with the ICT theory (5, 18, 19) .
The predictive value of the BMI rebound for maturational tempo differs in boys and girls. In boys, it predicts pubarche only, with intriguing implications for understanding those processes which stimulate adrenarche (23) . In girls, it predicts the onset and duration of puberty. Its correlation with age at the onset of puberty and menarche places the AR as a marker, or even a mechanistic factor, which controls the maturational tempo. Interestingly, parental BMI was shown to be inversely correlated with the AR in offspring (22) , a finding which suggests transgenerational imprinting of reproductive strategy by environmental or nutritional cues.
We have previously suggested that the AR and adrenarche are some of the manifestations of the childhood-juvenility transition (21) . The AR becomes a measure of the amount of stored energy, and dihydroepiandrosterone is used a signal to prepare the brain for puberty and the ensuing fecundity (24) .
In conclusion, an individual's maturational tempo is a twohit program. The first hit occurs at the ICT, which programs for height (19) and becomes a determinant of maturational tempo, as evidenced by the onset and duration of puberty. The second hit occurs at the childhood-juvenility transition, using adiposity and its rebound (2, 18, 21) and is a second opportunity for an adaptive response to the environment. Gonadarche age as a function of boys' height SDS at the age of 36 mo (r = −0.2; P = 0.001), (c) pubarche age as a function of boys' height SDS at the age of 24 mo (r = −0.12; P = 0.007), (b, d) the correlation strength as a function of age. The age that height and gonadarche age correlates stronger is 36 mo. The taller a boy is at the age of 36 mo the earlier he will enter puberty. The bold dots indicate the age at which the correlations became significant (P < 0.05). SDS, standard deviation scores. 
